a Photoelectrochemical (PEC) water splitting is a very promising process to produce hydrogen as a clean energy carrier. To achieve 10% solar to hydrogen (STH) conversion efficiency required for practical applications, the current central task in PEC water splitting is the development of efficient photoelectrodes, particularly photoanodes for water oxidation, used in PEC cells. Tantalum (oxy)nitrides with bandgaps ranging from 2.5 to 1.9 eV, corresponding to theoretical STH efficiencies varying from 9.3% to 20.9%, are considered a class of attractive light adsorbers for use in photoanodes for PEC water oxidation and have attracted much recent research attention. In this review, the recent development of tantalum (oxy)nitride photoanodes is summarized. Special interest is focused on the synthesis methods of tantalum (oxy)nitride films and important approaches for improving PEC conversion efficiency and stability of these films as photoanodes. The future trends of tantalum (oxy)nitride based photoanodes are also discussed.
Introduction
Converting the abundant solar energy into storable and transportable chemical fuels is one of the promising solutions to address energy storage and environmental pollution issues. Hydrogen (H 2 ) has been recognized as a clean energy carrier.
Production of H 2 from photoelectrochemical (PEC) water splitting as an effective and renewable method to capture intermittent solar irradiation in the form of chemical fuels has drawn tremendous attention since the pioneering work on TiO 2 photoanodes by Fujishima and Honda.
2 Numerous semiconductors have been explored as light absorbers of photoelectrodes in PEC water splitting cells with the goal of developing low-cost and stable photoelectrodes with STH conversion efficiencies of over 10%. [3] [4] [5] In order to achieve this goal, an ideal semiconductor light absorber should meet at least three basic requirements: (1) its bandgap should be narrow enough to effectively utilize sunlight and its band edge positions should straddle water redox potentials for spontaneously splitting water into H 2 mobilities so as to enable rapid transport of photoexcited carriers from the bulk to the surface; (3) its surface structure should be active for the adsorption of water and subsequent reactions. Equally important, high stability, low-cost and environmental friendliness of photoelectrodes are also required.
A bandgap of over 2.0 eV is usually necessary for bias-free PEC water splitting by taking into account overpotential ($0.4 eV) and thermal resistance loss ($0.4 eV) plus the theoretical energy (1.23 eV) required for water splitting.
1 Meanwhile, to fully utilize solar energy, a small bandgap of <2.5 eV is necessary. The theoretical STH conversion efficiency varies from $10% to 16% for materials with bandgaps ranging from 2.5 to 2.0 eV under AM 1.5G sunlight irradiation.
1 Although semiconductors with such a bandgap have been extensively explored as light absorbers of photoelectrodes, 5 the STH efficiency of these photoelectrodes is still much lower than their theoretical values. This could be partially explained by the small (or even negative) driving potentials of these semiconductors for redox reactions of water splitting so that an external bias is commonly used to assist water photo-splitting. In order to overcome the limitation of small driving potentials in a PEC cell with a single photoelectrode ( Fig. 1a and b) , a photovoltaic cell is introduced to connect with the photoelectrode in series forming tandem PEC cells (Fig. 1c and d) , 6, 7 where the photovoltaic cell captures and converts the incident sunlight with a longer wavelength into electric power as the input bias to assist the photoelectrode in splitting water. Alternatively, a PEC cell with one photoanode and one photocathode is another desirable conguration for possibly achieving high efficiency (Fig. 1e) . In this cell, the photoanode with a bandgap of >2.0 eV absorbing <610 nm sunlight induces water oxidation reaction with photoexcited holes, and the photocathode with a smaller bandgap absorbing >610 nm sunlight induces water reduction reaction with the photoexcited electrons. Meanwhile, the photoexcited electrons in the photoanode and photoexcited holes in the photocathode meet and recombine with each other in the external circuit.
To date, many p-type semiconductor photocathodes with high photocurrent densities (tens of mA cm
À2
) have been reported. [8] [9] [10] [11] In contrast, n-type semiconductor photoanodes usually exhibit much lower photocurrent densities (<8 mA cm À2 )
as a result of the more challenging four electrons involved in water oxidation to generate oxygen. It is worth noting that a photocurrent density of about 8 mA cm À2 should be obtained if 10% solar energy (AM 1.5G, 100 mW cm
) is harvested and fully converted.
12 Therefore, constructing high-performance photoanodes is a key in realizing a high-efficiency PEC water splitting process. Tantalum (oxy)nitrides, whose bandgap varies from 1.9 to 2.5 eV and band edges straddle over water redox potentials, are recognized as a class of very promising materials for constructing high-performance photoanodes. In recent years, tantalum (oxy)nitride photoanodes have experienced a rapid developmental stage and encouraging progress in terms of high STH conversion efficiency and/or long-term stability has been achieved. It is anticipated that lasting efforts in this eld will lead to more exciting progress in developing stable and high-efficiency tantalum (oxy)nitride based photoanodes for water oxidation in the near future. In this regard, a focused review on this important topic is therefore highly necessary and should promote the rational design and development of tantalum (oxy)nitride photoanodes. In this paper, we provide an up-to-date critical review on these promising tantalum (oxy) nitride materials, with focus on the recent progress in the synthesis of lms and important strategies for improving conversion efficiency and stability of these lms as photoanodes. An outlook for future development of tantalum (oxy) nitride based photoanodes is also proposed.
Tantalum (oxy)nitride based photoanodes
TaON, Ta 3 N 5 and Ba(Ca, Sr)TaO 2 N are the typical representatives of tantalum (oxy)nitrides. Among them, TaON and Ta 3 N 5 have been intensively investigated as visible light responsive photocatalysts in water reduction and oxidation processes.
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Over 10% quantum yield in the water oxidation process has been achieved with TaON and Ta 3 N 5 photocatalysts.
14- 16 The perovskite BaTaO 2 N demonstrated the ability of photocatalytic hydrogen and oxygen generation under visible light irradiation, particularly when some lattice Ta atoms were replaced with W or solid solution was formed with BaZrO 3 . [17] [18] [19] Moreover, the very recent progress showed that a complex perovskite-type tantalum based oxynitride, LaMg x Ta 1Àx O 1+3x N 2À3x (x > 1/3), can be employed for overall water splitting at wavelengths of up to 600 nm. 20 This is the rst photocatalyst for water splitting operable at up to 600 nm. All these results for tantalum (oxy) nitride photocatalysts strongly indicate the great potential of using tantalum (oxy)nitrides as light absorbers to construct high-efficiency bias-free photoanodes for water oxidation under visible light.
Electronic structures of tantalum (oxy)nitrides
Similar to semiconducting transition metal oxides, whose conduction and valence bands dominantly consist of d orbitals of cation metals and 2p orbitals of anion oxygen, respectively, tantalum (oxy)nitrides have their conduction and valence bands with Ta 5d orbitals and (O 2p)N 2p orbitals as the major electronic states, respectively. Electronic structures of TaON, Ta 3 N 5 and Ba(Ca, Sr)TaO 2 N were theoretically studied on the basis of the framework of density functional theory. 21, 22 The calculations reported by Fang et al. 21 showed that the valence band of TaON and Ta 3 N 5 is composed mainly of the anion 2p orbitals hybridized with Ta 5d states. For TaON the top of the valence band is dominated by N 2p states. The bottom of the conduction band is mainly composed of Ta 5d states. Both TaON and Ta 3 N 5 are semiconductors with indirect band gaps. In contrast, the calculations showed that BaTaO 2 N is a semiconductor with a direct bandgap. 22 Similar to the case of TaON, the upper part of the valence band of BaTaO 2 N is dominated by N 2p states, while O 2p states are mainly present in the lower part. Its conduction band is dominated by Ta 5d states.
Due to the higher potential energy of N 2p than O 2p, tantalum (oxy)nitrides have a much smaller bandgap than tantalum oxides. The experimentally determined bandgaps of tantalum (oxy)nitrides vary from around 2.0 eV (Ta 3 N 5 ) to 2.5 eV (TaON), allowing the utilization of most of the visible light with wavelength up to 600 nm in the solar spectrum.
The absolute position of the conduction band minimum and valence band maximum of semiconductors is one of the most crucial physical entities affecting the performance of these semiconductors used as the light absorbers of photocatalysts and photoelectrodes. The band edges can be experimentally determined usually by a combination of ultraviolet photoelectron spectroscopy (UPS)/X-ray photoelectron spectroscopy/electrochemical analyses with UV-visible absorption spectroscopy. Chun et al. studied the conduction and valence band edges for band gaps and Fermi levels of Ta 2 O 5 , TaON and Ta 3 N 5 by UPS and electrochemical analyses. 23 The results from the two methods consistently conrmed that the maxima of the valence bands are found to be shied to higher potential energies in the order Ta 2 O 5 < TaON < Ta 3 N 5 , whereas the minima of the conduction bands are very similar in the range À0.3 to À0.5 V (vs. NHE at pH ¼ 0). Fig. 2 gives the diagram of the positions of the band edges of tantalum (oxy)nitrides relative to water redox potentials. The band edges of both TaON and Ta 3 N 5 are suitable for water oxidation and reduction under visible light. Balaz et al. 24 determined the absolute positions of the conduction and valence bands of four typical tantalum oxynitride perovskites ATaO 2 N (A ¼ Ca, Sr, and Ba) and PrTaON 2 . As shown in Fig. 3 , all their conduction band minima lying above the reduction potential for water are suitable for photocatalytic hydrogen generation. Except PrTaON 2 , the other three tantalum oxynitrides have their valence band maxima below the oxidation potential of water. The higher valence band of PrTaON 2 is related to its higher atomic ratio of nitrogen to oxygen. The revealed band structure characteristics of these typical tantalum (oxy)nitrides together with the photocatalytic hydrogen and oxygen generation studies consistently conrm the great potential of using tantalum (oxy)nitrides to construct photoanodes working under solar light.
Inuence of intrinsic defects on electronic structures
Intrinsic defects, which always exist in all solid materials, can greatly affect the optical absorption properties of semiconductors and thus their related performance. For tantalum (oxy)nitrides, two main kinds of intrinsic defects experimentally and theoretically identied are oxygen atoms occupying lattice sites of nitrogen atoms, and nitrogen vacancies and related reduced tantalum species (i.e., Ta   4+ , Ta 3+ ). Experiments with the strict control of avoiding exposure to additional oxygen species during the preparation and characterization steps demonstrated the inevitability of the replacement of a small portion of nitrogen atoms with oxygen atoms in Ta 3 N 5 , prepared by the nitridation of Ta 2 O 5 . [25] [26] [27] [28] On the basis of both neutron diffraction analysis and theoretical calculations, it was revealed that the oxygen atoms prefer to occupy three coordinated nitrogen atoms in the irregular TaN 6 octahedra that contain both three and four coordinated nitrogens of Ta 3 N 5 . In contrast, nitrogen vacancies with the lowest energy conguration formed at four coordinated sites were found to be more stable by 0.95 eV than that at three coordinated sites. 26 27 It was suggested that the substitution of oxygen for nitrogen leads to the formation of delocalized donor metallic states located within the 0.7 eV range just below the bottom of the conduction band of pure Ta 3 N 5 , which is responsible for the n-type conductivity and new low-intensity broad absorption bands beyond the intrinsic absorption edge. While the nitrogen vacancies introduce not only similar donor metallic states below the conduction band edge but also additional localized states in the middle of the bandgap of pure Ta 3 N 5 . These localized states are considered to be the origin of the experimentally observed new absorption band with its peak at around 715 nm of Ta 3 N 5 as shown in Fig. 3 (the black solid line). The theoretical result by Jing et al. further supported this conclusion.
28 By studying the possible optical absorption initiated by the oxygen impurity and the nitrogen vacancy defect, Wang et al. proposed that the 720 nm sub-band-gap optical absorption of Ta 3 N 5 may be ascribed to the electron transition from the nitrogen vacancy with a singly positive charge state to the nitrogen vacancy with a triply positive charge state. 29 Wang et al. conducted a series of theoretical studies on the nature and effect of oxygen impurity and nitrogen vacancies on the electronic structures of Ta 3 N 5 . [30] [31] [32] It was found that the nitrogen vacancies weaken the mechanical stability of Ta 3 N 5 while the oxygen impurity is able to remedy the weakened mechanical stability of nitrogen decient Ta 3 N 5 .
30 This indicates the concomitant presence of oxygen impurity with nitrogen vacancy. Oxygen doping can change both the bandgap and band edges of Ta 3 N 5 .
31 Compared with the pure Ta 3 N 5 , oxygen doping increased the bandgap rst and then the bandgap decreased with the increase of oxygen. Oxygen doping lowered the conduction band edge but improved the valence band edge of Ta 3 N 5 , suggesting that oxygen impurity is one major factor limiting the photocatalytic activity of Ta 3 N 5 .
Further theoretical results suggested that Ba-O codoping with charge compensation between them can improve the photocatalytic activity because the charge compensation induces the cathodic shi of the conduction band minimum of Ta 3 N 5 .
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Besides the intrinsic point defects, a surface crystalline layer with reduced Ta species (i.e., TaN) or an amorphous phase with a thickness of a few nanometers was also observed in tantalum nitrides. Nurlaela et al. studied the formation and structure of a surface TaN layer on Ta 3 N 5 prepared from different precursor Ta 2 O 5 powders. 27 It was proposed that its formation might be related to the presence of a surface amorphous oxide layer of the Ta 2 O 5 precursor, which tends to transform to TaN under harsh nitridation. The surface layer drastically affects the energy level picture of the semiconductor-electrolyte interface, which thus modulates the photocatalytic activity. Removal of the surface layer by chemical etching leads to a great decrease of the optical absorption sub-band at around 715 nm (Fig. 4) Compared to particles, the inuence of intrinsic defects on the optical properties of tantalum (oxy)nitride lms is more complex due to the potential interaction between the tantalum nitride lms and underlying substrates. Pinaud et al. examined the structure and optical properties of Ta 3 N 5 lms as a function of different underlying substrates (fused silica and Ta) and under a range of nitridation temperatures (850-1000 C). 34 It was revealed that, as a result of the diffusion of lattice N or Ta from the underlying Ta substrates, the textured impurity phase Ta 2 N was formed and located at the Ta 3 N 5 /Ta interface. The Ta 2 N layer related reduced Ta species exert great inuence on the optical absorption of the lms as well as on the particles. In contrast, no Ta 2 N phase was detected in the lm supported on fused silica. On the other hand, Dabirian et al. demonstrated that, by using a reecting Pt back-contact and appropriate Ta 3 N 5 lm thickness, the resonance frequency can be tuned to energies just above the bandgap to increase the absorbance. This results in a great improvement in the photon-to-current efficiency. 35 
Synthesis of tantalum (oxy)nitride lms
Nitridation of tantalum oxide lms is an effective method to prepare tantalum (oxy)nitride lms. The transformation from tantalum oxides to tantalum (oxy)nitrides usually requires heat treatment at a temperature higher than 700 C in a gaseous ammonia containing atmosphere. The substrates supporting tantalum oxide lms need be tolerant to this rigorous process. Tantalum foil is an appropriate and widely used substrate with remarkable merits. It can not only bear the high temperature treatment in a gaseous ammonia atmosphere but also act as the tantalum resource for tantalum oxide growth. Tantalum foil supported tantalum oxide lms can be prepared by different methods. These include the post-deposition of tantalum oxide particles on tantalum foils and direct oxidation (thermal oxidation, chemical oxidation and electrochemical oxidation) of the surface layer of tantalum foil. Thermal oxidation of tantalum foil in an air atmosphere is a straightforward method to produce tantalum oxide lms with controllable thickness supported on tantalum foils. The thickness can be roughly tuned by changing the heating temperature and duration. This correspondingly controls the thickness of tantalum (oxy)nitride lms during the subsequent thermal nitridation process.
36,37
Although thick lms of tantalum (oxy)nitride favor high absorbance, the challenge is the exfoliation of the lm from the substrate during the nitridation of the thick Ta 2 O 5 lm because of the obvious volume shrinkage during the transformation from Ta 2 O 5 to Ta 3 N 5 . The critical thickness of the Ta 2 O 5 lm was determined to be around 2.5 mm for the exfoliation.
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Pinaud et al. analyzed the advantages and disadvantages of four congurations of Ta 3 N 5 lms with different geometries and structures in terms of light absorption and photoexcited charge carrier transport, as shown in Fig. 5 . 36 The lms made by depositing a powder (Fig. 5a ) provide the advantages of short distances for the transport of minor carrier holes from the particle bulk to the solid-liquid surface as a result of a high surface area, and also high absorption as a result of controllable thickness. The disadvantage is a tortuous path for electron transport. Thick crystalline lms ( Fig. 5b ) with good light absorption favor the transport of electrons but penalize that of holes, while thin crystalline lms ( Fig. 5c ) with poor absorption favor the transport of both electrons and holes. Thick and rough crystalline lms (Fig. 5d ) integrate the advantages of good hole transport, medium electron transport and good absorption. Nanostructured lms represent a typical version of this favorable lm conguration.
Nanostructuring can greatly improve the PEC water splitting performance of photoelectrodes by increasing the light absorbance, suppressing the recombination of photogenerated electrons and holes and also providing abundant surface reactive sites. Several kinds of nanostructures (nanotube arrays, nanorod arrays, porous structures) of tantalum (oxy)nitride lms have been developed. The formation of nanostructures of tantalum (oxy)nitride lms is on the basis of nanostructures of tantalum oxide lms. Electrochemical anodization is a powerful method of producing nanostructured metal oxide lms on various metal substrates including Ta foils. Besides the electrochemical anodization method, hydrothermal synthesis is another approach of synthesizing nanostructures of tantalum based oxide lms. Under hydrothermal conditions, sodium tantalate cube array lm was prepared by treating Ta foil in sodium hydroxide aqueous solution and tantalum oxide nanorod array lm was prepared by treating Ta foil in hydrouoric acid solution. Correspondingly, Ta 3 N 5 mesoporous cube array lms and nanorod array lms were obtained aer the subsequent high temperature nitridation process. [53] [54] [55] In recent years, vapor-phase hydrothermal (VPH) process has emerged as an attractive method to prepare metal oxide nanostructures on the corresponding metal substrates. [56] [57] [58] The most distinct difference in the VPH process from the liquid-phase hydrothermal process is the high localization of dissolution and structure formation on metal substrates as a result of mass transport limitation within a thin liquid-layer reaction zone on the substrates. 57 In 2013, Zhen et al. reported the template-free synthesis of Ta 3 N 5 nanorod arrays by a combination of an initial growth of tantalum oxide nanorod arrays on Ta foil using the VPH method and a subsequent thermal nitridation process, 59 as shown in Fig. 7 . Aer the report of Zhen et al., using very similar synthesis procedures, Hou et al. also prepared Ta 3 N 5 lms of nanorods.
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Tantalum oxide nanostructure lms can also be deposited on Ta foils by sputtering or chemical sol casting methods. Nanostructured Ta 3 N 5 photoanodes were prepared by reactive ballistic deposition of nanoporous tantalum oxide lm on Ta foil and a subsequent thermal nitridation process. 61 The nanostructure lm photoanode exhibited photocurrent density ca. 3 times higher than that of the dense lm. Inverse opal crystal structure Ta 3 N 5 lms on tantalum foils were fabricated by the inltration of a tantalum containing sol into closepacked templates of cross-linked polymer spheres and subsequent nitridation in a gaseous ammonia atmosphere to remove templates and crystallize the Ta 3 N 5 .
62,63 A similar process was used to prepare Ta 3 N 5 hollow sphere-nanolms by adjusting the humidity during the sol drying process.
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High cost is a major limiting factor for using tantalum foils as substrates to support tantalum (oxy)nitride lms for future massive application of tantalum (oxy)nitride based photoanodes. The commercial F:SnO 2 (FTO) transparent conductive substrate is an ideal substrate to support tantalum (oxy)nitride lms. Meanwhile, its transparent nature allows illumination from both front and back sides of the photoanodes. However, the fabrication of tantalum (oxy)nitride lms on FTO substrates cannot allow the nitridation of FTO supported tantalum oxide lms at high temperatures in a gaseous ammonia atmosphere because of the instability of FTO. Alternatively, FTO supported tantalum (oxy)nitride lms as photoanodes were fabricated by the electrophoretic deposition (EPD) method. [64] [65] [66] [67] [68] [69] This method is a general approach for the deposition of various (oxy)nitrides. The thickness of these tantalum (oxy)nitride lms can be ex-ibly controlled by tuning the EPD parameters (applied voltage, duration time, concentration of the powder in the electrolyte, particle size). Moreover, by controlling the morphology of tantalum (oxy)nitride particles in the powder, the microstructure of the lms can be correspondingly changed. However, the mechanical adhesions among particles and between lms and substrates in these EPD lms are usually too weak to keep the lms stable against immersion in aqueous solution. What's worse, the transport of photogenerated electrons and holes within the lms and collection of charge carriers by conductive substrates are greatly hindered due to the weak adhesions. As a consequence, the as-prepared tantalum (oxy)nitride photoanodes fabricated by the EPD method usually show very low PEC water oxidation performance. To increase the adhesions, a necking step is highly necessary. This step involves the hydrolysis of several drops of TaCl 5 ethanol solution within the tantalum (oxy)nitride lms to form new tantalum oxide nanoparticles between the original particles and the subsequent transformation of these newly formed tantalum oxide nanoparticles to tantalum (oxy)nitride by heating the lm in a gaseous ammonia atmosphere. The necked lms offer signicant improvement in PEC water oxidation, in particular aer loading co-catalysts for O 2 evolution. Drop casting is another simple method for the deposition of various (oxy) nitrides on FTO substrates, but the quality and thickness of the resultant lms cannot be precisely controlled. A Ta 3 N 5 photoanode composed of nanowire bundles was fabricated by the drop casting method and showed an improved stability in PEC water splitting in comparison with Ta 3 N 5 particle photoanode.
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Magnetron sputtering deposition is an effective and widely used method of growing the lms of various materials including metals, metal oxides, metal suldes, metal nitrides and metal carbides. 71 One remarkable advantage of this method is the low lm growth temperature, even as low as room temperature so that the tantalum (oxy)nitride lms can be deposited on any conductive substrates to construct photoanodes. This low temperature deposition process avoids the undesirable discontinuities (cracks and gaps) between the lm and substrate, which are commonly observed in the tantalum (oxy)nitride lms prepared by the high temperature nitridation method. Furthermore, the lm thickness and composition, which are two important parameters affecting the photoelectrode activity, can be precisely controlled by adjusting the sputtering time, power and ambient atmosphere. The preparation of Ta 3 N 5 and TaO x N y lms by the sputtering deposition method has been reported by many studies. [72] [73] [74] [75] [76] The optical, electrical, and mechanical properties of these Ta 3 N 5 and TaO x N y lms have been actively investigated in the past decades. [72] [73] [74] Recently, sputtered Ta 3 N 5 and TaO x N y lms have been tested as photoanodes in PEC cells. 75, 76 Furthermore, the absorption coefficient, the lifetime and mobility of charge carriers of Ta 3 N 5 , by means of ultra-fast transient absorption spectroscopy and Hall effect measurements, have been measured on the basis of the sputtered lms. The tested short carrier lifetime (<10 ps) was considered to be the main barrier for improving the PEC performance of Ta 3 N 5 photoanodes. 77 These results deepen the understanding of the intrinsic photophysical properties of Ta 3 N 5 and provide important guidelines for the rational design of efficient tantalum (oxy)nitride based photoanodes.
Strategies for improving the performance of the photoanodes
Similar to photocatalysis, PEC water splitting can also be divided into three mechanical steps, namely, light absorption, separation and transport of photogenerated electrons and holes, and surface catalysis transfer of charge carriers with adsorbed water molecules. The synergistic effect of these three steps is responsible for the activity of PEC water splitting. To improve the performance of tantalum (oxy)nitride photoanodes, many strategies including morphology and size control, doping and heterostructuring, and surface modications have been actively used to strengthen the synergistic effect of the three basic steps.
2.4.1. Morphology and size control. Before reviewing the progress made in controlling the morphology and size of tantalum (oxy)nitride building blocks composed of lms as photoanodes, it is useful to analyze their inuence on light absorption, separation and transport of photogenerated charge carriers and surface catalysis transfer. Fig. 8 illustrates the difference in these basic processes between a compact bulk anode and a vertically aligned nanorod array anode. In the energy diagram of the compact bulk anode immersed in the electrolyte, a depletion region labelled as Region I in Fig. 8a is formed in the photoanode close to the solid-electrolyte interface due to the discrepancy between the Fermi level of the photoanode and the potential of the electrolyte, which is similar to a metal/semiconductor Schottky junction. The redistribution of charge leads to the formation of an electric eld as a consequence of the difference in chemical potential across the interface. This built-in potential drop across the interface is denoted as V bi . The width (W) of the depletion region is described by
where q is the unsigned charge on an electron, 3 0 is the vacuum permittivity, 3 r is the relative dielectric constant, and N D is the donor density.
With the assistance of the built-in electric eld, the charge carriers in the depletion region are separated and the holes move towards the surface for water oxidation. The holes generated in the deeper region need to diffuse into the depletion region rst and then dri to the surface. The diffusion length (L D ) of the minority carriers is described by
where D is the diffusivity of the minority carriers, m their mobility and s R their lifetime. The region with its distance away from the depletion region but smaller than L D is denoted as region II in Fig. 8a . The holes generated in this region are capable of reaching the depletion region before recombination with electrons and then dri to the surface. The region with its distance larger than L D is denoted as region III in Fig. 8a , in which the carriers generated recombine with each other before reaching the depletion region. Therefore, the optimal lm thickness for carrier collection is
On the other hand, the lm thickness should be larger than the light absorption length a À1 to fully utilize the incident light.
However, the light absorption length a À1 is usually larger than d. It means that there is a trade-off between the carrier collection and photon absorption in a compact bulk lm photoanode. The inuence of the morphology and thickness of Ta 3 N 5 photoanodes fabricated by thermal oxidation and subsequent nitridation of Ta foils on PEC water oxidation performance has been systematically studied. 36 In order to enhance light absorption in the compact bulk Ta 3 N 5 lm, a reecting conductive back-contact Pt layer was deposited in advance. The resonance frequency of light can be tuned to energies just above the band gap of Ta 3 N 5 by adjusting the lm thickness. The resonance results in great improvement in the photoanode's incident photon-to-current efficiency.
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The trade-off between carrier collection and photon absorption in a compact bulk lm originates from the same direction of incident light as that of carrier transport. Decoupling the direction of carrier transport with that of the incident light is an effective strategy to overcome the conict. One dimensional (1D) nanostructures are considered to be ideal building blocks for energy harvesting devices.
78,79 Taking a vertically aligned rod array lm as an example (Fig. 8b) , the photogenerated charge carriers in the rods diffuse toward the side surface along the rod radius direction. In this situation, the diffusion distance of charge carriers towards the surface is independent of the rod length (or the lm thickness) but depends on the rod radius. Consequently, the sufficiently long rod is allowed to fully absorb incident sunlight without the cost of collection efficiency of photogenerated charge carriers.
TaON/Ta 3 N 5 nanotube/nanorod array lms, obtained by the nitridation of Ta 2 42 The arrays showed an unusual absorption range up to around 600 nm. Compared with the common TaON, its absorption edge was shied by around 100 nm toward the long wavelength. The proposed possible reason for this shi was the presence of carbon trapped in the nanotubes or the 1D nature of the nanotubes. A photocurrent density of 2.6 mA cm À2 at 0.5 V versus Ag/AgCl in 1 M KOH solution was achieved on these TaON nanotube array based photoanodes under AM 1.5G irradiation and 47% of photocurrent density came from visible light contribution. This value was much higher than that of the selected reference photoanodes.
Allam et al. demonstrated that a multilayer TaON nanorod array based photoanode exhibited slightly superior PEC water oxidation activity to the single layer nanorod array photoanode. 43 The slight superiority could be attributed to the slightly higher absorbance of the multilayer lm.
The transformation of Ta 2 O 5 to Ta 3 N 5 usually requires a relatively high temperature nitridation process, which may destroy the nanostructures. The thin walled amorphous nanotube array structure enables transformation from tantalum oxide to Ta 3 N 5 to occur at relatively low temperatures. 44 The Ta 3 N 5 nanotube arrays with 250 nm tube length prepared at 700 C as a photoanode displayed an IPCE value of 5.3% at 450 nm at a dc bias of 0.5 V in a 1 M KOH solution. The Ta 2 O 5 nanotube arrays obtained from the anodization process usually have weak adhesion to the Ta foil substrate. In order to avoid serious cracking or peeling off of the array lm in the following nitridation process, the nitridation temperature is usually lower than 800 C and the nanotube length is controlled to be shorter than 1 mm, while a high temperature treatment is necessary to obtain Ta 3 N 5 nanotubes with high crystallinity for fast charge carrier transport and long nanotube arrays have a high absorbance. 7.7 mm long Ta 2 O 5 nanotube arrays with strong adhesion to the Ta substrate were fabricated by ultrafast anodization in only 2 s. 48 The good adherence was ascribed to a similar effect observed in the rapid growth of TiO 2 nanotube arrays. irradiation. The decrease in thickness was caused by the volume shrink effect during conversion from Ta 50 Introducing Ba atoms into the nanorods can effectively suppress the Ta 5 N 6 component with a relatively low electrical conductivity in the interlayer, with Ta 2 N exhibiting a high electrical conductivity as the major component. 51 Moreover, Ba doping itself can not only increase the electrical conductivity of Ta 3 N 5 nanorods but also modify the at band potential. Solar conversion efficiency in half-cell solar-to-hydrogen (HC-STH) of 1.56% was achieved for the "Co-Pi" co-catalyst loaded Ba doped Ta 3 N 5 single crystal nanorod arrays. Zhen et al. reported the template-free synthesis of Ta 3 N 5 single crystal nanorod arrays supported on the Ta substrate. 59 The Co(OH) x modied nanorod array based photoanode exhibited a photocurrent density of 2.8 mA cm À2 at 1.23 V RHE in 1 M NaOH solution under AM 1.5G sunlight simulator irradiation. Besides the 1D nanostructure tantalum (oxy)nitride photoanodes, formation of a porous structure in the photoanodes can also address the compromise between light absorption and carrier collection. Zhao et al. demonstrated high charge separation efficiency in the porous structure lms of BiVO 4 by providing a quantitative analysis and visualized evidence for the charge separation. 82 Inverse opal crystal structure lms and hollow sphere-nanolms of Ta 3 N 5 ( Fig. 9e and f) were fabricated by inltration of a tantalum containing sol into close-packed templates of cross-linked PSAA spheres followed by heating under ammonia. 63 The photocurrent of the resultant lm used as the photoanode was found to be strongly dependent on the number of layers and nanostructures of Ta 3 N 5 nanolms. A maximum photocurrent density of ca. 17.9 mA cm À2 at 0.65 V (vs. Ag/AgCl) was detected at 4 layers of hollow sphere-nanolm, which was 4.2 and 1.7 times higher than that of Ta 3 N 5 thin lms with the same thickness and the Ta 3 N 5 inverse opal-nanolms with the same layer number. The superiority was ascribed to the enhanced multiple reection and scattering of light induced by gaps between hollow spheres and large interior voids of the porous hollow spheres in Ta 3 N 5 hollow sphere-nanolms.
Doping and heterostructuring.
Doping is a basic and important strategy for modifying important semiconductor properties including electronic conductivity, energy band structure and surface structure. The narrowed band gap, enhanced electronic conductivity and implanted active surface structures, which favor light absorption, carrier bulk transport and carrier surface transfer, are the main purposes of doping in the case of photoanodes. As a result of doping, the PEC water oxidation activity of photoanodes, particularly Fe 2 O 3 and BiVO 4 based photoanodes, is greatly improved.
83-90 Kado et al. systematically investigated alkaline metal (Na, K, Rb, Cs) doped Ta 3 N 5 photoanodes, whose enhanced photocurrents were attributed to the reduced band gap and increased electronic conductivity by doping. 46, 47 Besides the electronic conductivity and band gap, the surface properties of Ta 3 N 5 photoanodes can also be modied by doping. Li et al. discovered that, besides the improved electronic conductivity of both the nanorod arrays and the interlayer between the arrays and Ta substrate, the at band potential of the Ta 3 N 5 single crystal nanorod array photoanode cathodically shied by 90 mV aer Ba doping. 51 The origin of this shi was the increase of surface hydroxyl groups with the incorporation of Ba that easily bonds with hydroxyl groups. To conrm the effect of Ba doping on the PEC activity enhancement of the nanorod arrays instead of NO 3 À , other metal nitrates (NaNO 3 , Mg(NO 3 ) 2 and Al(NO 3 ) 3 ) were also used as precursors to modify the nanorod arrays using the same procedure as that of Ba doping. Either negative or negligible positive effect on PEC activity was observed in these metal doped Ta 3 N 5 nanorod arrays. In contrast, different barium salts (barium chloride and barium acetate) as Ba dopant precursors showed similar effects on enhancing the PEC activity. A Ba dopant was also introduced into a long Ta 3 N 5 nanotube array photoanode and further surface modication with "Co-Pi" improved the photocurrent density from 5.9 mA cm À2 to 7.5 mA cm
À2
.
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Besides alkaline earth metal ion dopants, transition metal ion dopants were introduced into tantalum (oxy)nitride photoanodes to increase their PEC activity. Cobalt doped Ta 3 N 5 photoanodes were fabricated by coating Ta 5+ and Co 2+ containing sols on Ta foils and subsequently heating in a gaseous ammonia atmosphere. 91 The lm with 10% Co dopant exhibited an improved photocurrent density 12 times higher than that of the undoped Ta 92 Compared to the undoped photoanode, the W doped photoanode showed a narrowed band gap of 1.75 eV and ca. 33% photocurrent density improvement.
Feng et al. systematically studied the effect of different ion (Si, Ge, Ti, Zr, Hf, Mo, W) dopants on the PEC water splitting performance of Ta 3 N 5 .
93 It was found that, among these dopants, Ge is the most efficient modier to improve the photocurrent. Introducing 5% Ge improved the activity by a factor of 3.2 under simulated sunlight AM 1.5G (100 mW cm
À2
). The enhancement in activity was attributed to the improved electron transport in the Ge modied Ta 3 N 5 photoanode with a decreased amount of N vacancies. It was proposed that the volatilization of Ge during the preparation of Ta 3 N 5 reduced N vacancies by acting as a uxing agent.
Constructing heterostructured photoanodes is another effective approach to improving PEC water oxidation activity by enhancing photon absorption and promoting separation of the photogenerated charge carriers. Various composite photoanodes such as WO 3 98 were constructed and exhibited greatly improved PEC water oxidation activity compared to the single component photoanodes. Increasing effort focused on the tantalum oxynitride based heterostructure photoanodes. Amorphous TaO x N y thin layer decorated N doped TiO 2 nanotube arrays (N-TNT-Ta) showed signicantly improved both visible and UV activities for PEC water oxidation compared to N doped TiO 2 nanotube arrays (N-TNT) as shown in Fig. 10a . 99 The improved performance was attributed to the substantial role of the TaO x N y amorphous layer in rectifying the charge transfer at the heterojunction and passivating surface trap states of N-TNTs, as schematically shown in Fig. 10b. TaON with a the oxidation reaction for oxygen evolution. Constructing active surface structures for water oxidation is highly desirable to promote surface charge transfer. The active surface structures should perform the functions of collecting photogenerated holes, enabling abundant adsorption of water molecules/ions and providing a low reaction kinetic barrier for water oxidation. The latter two functions are also required for the oxygen evolution reaction (OER) from water oxidation by electrocatalysts. Loading OER electrocatalyst nanoparticles as oxidative co-catalysts for O 2 evolution on the photoanode surface is a prevalent approach to improving the performance of photoanodes in PEC water oxidation and has been extensively investigated. Noble metals and their oxides such as Ir, IrO 2 , and RhO 2 as traditional OER electrocatalysts were used to modify the surface of photoanodes. 87, 101, 102 In recent years, some new types of low-cost OER electrocatalysts including iron, cobalt, and nickel based (hydro)oxides, layered double hydroxide and amorphous phosphate or borate, have been explored in the electrocatalysis water splitting area and were also used to modify the photoanodes.
88-90,103-106
Tantalum (oxy)nitride photoanodes with surface modica-tion of various co-catalysts for O 2 evolution such as IrO 2 , CoO x and "Co-Pi"
49-51,64-68 have been actively investigated. Abe et al. demonstrated that loading of IrO 2 $nH 2 O nanoparticles as a cocatalyst for water oxidation on the porous TaON lm electrode can greatly improve the quantum efficiency (IPCE ¼ ca. 76% at 400 nm at 0.6 V vs. Ag/AgCl) in an aqueous Na 2 SO 4 solution. This is the rst demonstration of photoelectrochemical water splitting on an oxynitride photoanode with an appreciable production of O 2 , besides a measured anodic photocurrent. 65 Further studies also showed the effectiveness of IrO 2 $nH 2 O as a cocatalyst in improving the performance of Ta 3 N 5 photoanodes.
64 IPCE of ca. 31% at 500 nm at 1.15 V vs. reversible hydrogen electrode (RHE) was achieved on IrO 2 $nH 2 O loaded Ta 3 N 5 photoanodes. 64 In both cases, the stability of TaON and Ta 3 N 5 based photoanodes was greatly extended from several minutes to the scale of 1 h by loading IrO 2 $nH 2 O to promote charge separation and transfer and suppress the self-oxidation of tantalum (oxy)nitrides to a large extent. However, due to the poor dispersion of IrO 2 $nH 2 O nanoparticles on the TaON/Ta 3 N 5 surface, the self-oxidation issue cannot be fully resolved and leads to the gradual decay of the photocurrent during long periods of light irradiation.
To realize the high dispersion of the cocatalyst nanoparticles on the nitride particles, Higashi et al. developed a method of pre-depositing earth abundant CoO x nanoparticles on TaON particles by chemical impregnation prior to the electrophoretic deposition of TaON particles on the substrates. 66 The TaON photoanode with highly dispersed CoO x nanoparticles displayed much superior stability to that with poorly dispersed IrO x nanoparticles, although its IPCE was not as high as that of the latter. This strategy was also used to improve the stability and photocurrent of the BaTaO 2 N photoanode by a combination of pre-loading of CoO x on the BaTaO 2 N particles and postloading of RhO x . 68 It was proposed that the RhO x species containing Rh 3+ /Rh 4+ couples acted as a facilitator of hole transfer between the BaTaO 2 N surface and CoO x , while water oxidation dominantly proceeded on the CoO x surface. An IPCE of 10% at 600 nm at 1.2 V vs. RHE was obtained in a RhO x /CoO x co-loaded H 2 treated BaTaO 2 N photoanode, which was the highest value among photoanode materials that can harvest light beyond 600 nm for water oxidation. 68 Liao et al. compared the inuence of different cocatalysts (Co(OH) x , Co 3 O 4 and IrO 2 ) and electrolytes (NaOH and Na 2 SO 4 ) on the photocurrent and photostability of photoanodes consisting of particulate Ta 3 N 5 .
67 It was demonstrated that the Co 3 O 4 modied photoanode in NaOH electrolyte exhibited signicantly improved photocurrent and photostability compared to the Co(OH) x modied photoanode in NaOH electrolyte and IrO 2 modied photoanode in Na 2 SO 4 as a result of two-fold favorable factors. One is the uniform distribution of Co 3 O 4 nanoparticles on the Ta 3 N 5 surface coupled with the abundant and compact nano-junctions formed between Co 3 O 4 and Ta 3 N 5 . The other is the superiority of alkaline solution as the supporting solution to accept protons to neutral or acidic solution. These results shed light on the importance of accelerating water oxidation kinetics by simultaneously optimizing both the cocatalyst and electrolyte. Cong et al. also studied the PEC water oxidation of four electrocatalysts (IrO 2 , Co 3 O 4 , cobalt phosphate, and Pt nanoparticles) modied Ta 3 N 5 nanotube arrays. 45 The photocurrent of Ta 3 N 5 modied with IrO 2 and Co 3 O 4 was ca. four times higher than that of unmodied Ta 3 N 5 . Cobalt phosphate also showed a positive improvement for PEC water oxidation on Ta 3 N 5 , whereas Pt was ineffective.
The above results suggest that the full and robust contact between co-catalysts and tantalum (oxy)nitrides is crucial for achieving high activity and stability of the photoanodes. Amorphous cobalt compounds, such as cobalt hydroxide and phosphate, have been widely investigated as OER electrocatalysts generally in the form of continuous lms. Coating continuous amorphous cobalt compounds on tantalum (oxy) nitride based photoanodes can improve PEC stability because the full coverage suppresses the self-oxidation of tantalum (oxy) nitrides. Cobalt phosphate ("Co-Pi") modied Ta 3 N 5 nanorod arrays showed very stable photocurrent for the 20 min test. 50 In contrast, obvious photocurrent decay was observed for the IrO 2 modied Ta 3 N 5 photoanode and the photocurrent decreased to ca. 20% of its initial value aer illuminating for 20 min. To further improve the performance of the Ta 3 N 5 nanorod photoanode, Li et al. doped Ta 3 N 5 nanorod arrays with Ba to modify both surface and bulk properties of Ta 3 N 5 and also lm texture. 51 As shown in Fig. 11a , Ba doping led to greatly improved photocurrent. The photocurrent density reached an unprecedented value of 6.7 mA cm À2 at a water oxidation potential of 1.23 V versus RHE. The doped photoanode yields a maximum solar conversion efficiency in HC-STH of 1.56% at 0.87 V versus RHE (Fig. 11b) , which was more than three times higher than that of state-of-the-art single-photon photoanodes.
The doped photoanode showed very good photocurrent stability similar to the undoped one under light irradiation (Fig. 11c) . Moreover, the Faraday efficiency for water splitting on the "Co-Pi" modied Ba doped Ta 3 N 5 photoanode and the Pt counter electrode remained at almost unity for 100 min. The synergistic effects of enhanced interlayer conductivity, cathodically shied atband potential, and increased electron density in the nanorods are responsible for the improved PEC activity of the Ta 3 N 5 nanorod photoanode aer Ba doping. Similarly, amorphous Co(OH) x as a co-catalyst for water oxidation can improve both the stability and activity of Ta 3 N 5 photoanodes, 38, 59 although it is not as effective as "Co-Pi ". One possible reason for the superiority of Co-Pi as a co-catalyst to Co(OH) x is the full coverage of "Co-Pi" on the Ta 3 N 5 photoanode surface. Co(OH) x is usually loaded on the Ta 3 N 5 photoanode surface by a co-precipitation method, and it is hard to realize the homogeneous distribution of Co(OH) x on the whole surface, while Co-Pi is usually deposited on the photoanode surface by an (photo)electrodeposition method. This method has the advantage of enabling the relatively homogeneous wrapping of Co-Pi on the whole surface of the photoanode. In recent years, layered double hydroxides (LDHs) have been actively explored as OER electrocatalysts for water oxidation.
107-109 They, in particular single layered LDHs obtained by a solution exfoliation method, showed superior OER activity and stability to commercial noble metal and noble metal oxide OER catalysts. 107, 109 LDHs were also used as OER co-catalysts to modify photoanodes for PEC performance improvement.
103 A Ni-Fe LDH modied vertically aligned single crystal Ta 3 N 5 nanorod array photoanode showed greatly improved stability. 90% of the initial photocurrent density value (ca. 2 mA cm À2 ) was retained even aer 2 h light irradiation. The deposition of Co(OH) x and "Co-Pi" co-catalysts in sequence on the Ni-Fe LDH/Ta 3 N 5 photoanode further improved the photocurrent density. A steady photocurrent of ca. 5 mA cm À2 (about 80% of the initial activity) was maintained over 2 h.
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Besides the catalytic activity of the OER co-catalyst itself, the interface structure between co-catalysts and tantalum (oxy) nitrides, which determines the hole extraction efficiency, is another major factor that affects the performance of the photoanodes and deserves concern. The interface structure can be tailored by changing the surface structure of tantalum (oxy) nitrides as demonstrated by Li et al. 38 Ta 3 N 5 photoanodes prepared by thermal oxidation of Ta foils and subsequent high temperature nitridation usually possess a compact surface passivation layer, which is rich in Ta vacancies and O impurities acting as recombination centers of charge carriers. The presence of such a surface passivation layer greatly impaired the effectiveness of the co-catalyst in improving the activity. However, the photocurrent density was signicantly improved for the Co(OH) x modied photoanode by the mechanical or 
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Another strategy for tailoring the interface structure is introducing the transition layer as the hole storage layer between the co-catalyst and tantalum (oxy)nitride to boost the hole extraction efficiency, which was developed by Liu et al. 53 Ferrihydrite was demonstrated to be an effective hole storage layer. The presence of a ferrihydrite layer between the Co 3 O 4 co-catalyst and Ta 3 N 5 permits sustainable water oxidation at the photoanode for at least 6 h with a benchmark photocurrent over 5 mA cm À2 , whereas the bare photoanode rapidly degrades within minutes (Fig. 13) . It was proposed that the function of the hole storage layer is to rapidly capture the photogenerated holes from tantalum nitride and subsequently store them in the layer. 
Performance of tantalum (oxy)nitride based photoanodes
PEC water oxidation is a complex process involving the generation, separation and transport, and catalytic transfer of charge carriers. A stable and high-efficiency photoanode for PEC water oxidation requires the synergistic effects of these steps. To improve the efficiency of each step in tantalum (oxy)nitride based photoanodes, past efforts have mainly focused on morphology control, doping and heterostructuring, and surface modication as discussed above. Relevant studies are summarized and compared in Table 1 . It is worth noting that the maximum solar energy conversion efficiency of 1.56% was obtained for a cobalt phosphate-modied barium-doped tantalum nitride nanorod photoanode, in which the three strategies including morphology control, doping and surface modica-tion were used together to improve the electrode.
Summary and outlook
Tantalum (oxy)nitrides with both appropriate bandgaps for visible light harvesting and band edge positions straddling over water redox potentials are considered as a class of very promising solar-driven photoanode candidates for PEC water oxidation. Much effort has been devoted to fabricating tantalum (oxy) nitride photoanodes with desirable properties for water oxidation. Some synthesis methods including sputtering, thermal oxidation and nitridation of Ta foils, and electrophoretic deposition of the corresponding powders have been developed to prepare the photoanodes with different morphologies. In order to obtain efficient tantalum (oxy)nitride based photoanodes, strategies including morphology control, doping and heterostructuring, and surface modications, as briey summarized in Fig. 14 , have been used to promote the generation, separation and transport, and catalytic transfer of charge carriers in the electrodes. The photocurrent and solar energy conversion efficiency have been improved signicantly. Equally important, the instability of tantalum (oxy)nitride based photoanodes, arising from the photogenerated hole induced selfoxidation, has been resolved, to a large extent, by promoting the extraction of photogenerated holes from tantalum (oxy)nitrides with co-catalyst or hole storage layer modication. Specically, a maximum solar energy conversion efficiency of 1.56% at 0.87 V versus RHE was obtained for the "Co-Pi" modied Ba doped Ta (Table 2) . However, it is clear that there is still a long road to go before the realization of targeted solar to hydrogen conversion efficiency of over 10% in a stable tantalum (oxy)nitride photoanode.
To further improve the performance of tantalum (oxy)nitride based photoanodes, the following key aspects need to be considered in future studies. (1) Controlling defects in both the surface and bulk of (oxy)nitrides: as presented in Section 3.2, both oxygen occupying lattice nitrogen and nitrogen vacancies can exert great inuence on the electronic structure and transport of photogenerated charge carriers. It is believed that most defects, particularly in the bulk, act as the recombination centers for charge carriers and impair their transport. Reducing the number of undesirable defects in tantalum (oxy)nitride is therefore highly necessary yet very challenging. A main challenge is the harsh nitridation process (high temperature heating in a gaseous ammonia atmosphere) required in the preparation of Ta 3 N 5 to facilitate easy generation of anion vacancies in a reducing atmosphere of ammonia. On the other hand, the complete removal of oxygen impurity from Ta 3 N 5 seems to be impossible on the basis of the theoretically revealed trend of coexistence of oxygen impurity with nitrogen vacancies and also the detected oxygen in Ta 3 N 5 products. Innovative strategies to address the negative effect of these defects on photocatalytic and PEC activities are greatly welcome. (2) Morphology and texture control: the morphology and texture of photoelectrodes can play an important role in optimizing light absorbance, bulk transport of charge carriers and surface reactive sites. Nanostructuring, which has been actively used in designing various photoelectrodes, represents an important aspect of tailoring the morphology. Furthermore, by controlling the morphology, the distribution of co-catalysts on tantalum (oxy)nitride electrodes can be further modulated. The texture of tantalum nitride electrodes, particularly prepared by oxidation and nitridation of Ta foils, is quite complex and usually consists of a major Ta 3 N 5 phase and also other phases of tantalum nitrides with reduced tantalum species. The presence of the other phases between Ta 3 N 5 and Ta could affect the transfer of charge carriers from Ta 3 N 5 to Ta. Controlling the species and thickness of these phases could provide room for increasing the performance of tantalum nitride photoanodes. (3) Co-catalyst control and design: bare tantalum (oxy)nitrides suffer from serious self-oxidation induced by the photogenerated holes as a result of poor extraction of holes from the nitrides. So far, loading co-catalysts is demonstrated to be the most effective way of suppressing the self-oxidation by promoting the extraction of holes and providing catalytic active sites for water oxidation. Various electrocatalysts for water oxidation have been attempted as co-catalysts of tantalum (oxy)nitrides. By controlling the species, structure and even spatial distribution of co-catalysts, both the stability and activity of nitride photoanodes have been greatly enhanced. However, it seems that there is a compromise between the stability and activity of co-catalyst modied photoanodes. This might be explained by the fact that good stability usually requires the formation of continuous co-catalyst layer(s) with a certain thickness, which could impair the transfer of holes. Precise control of the thickness and structure of co-catalyst layer(s) by an advanced process (for example, atomic layer deposition) provides a good chance for weakening the compromise effect. (4) Interface tailoring: the co-catalyst(s) modied Ta 3 N 5 photoanodes consist of different interfaces including substrate-nitride, nitrideco-catalyst, co-catalyst-electrolyte and nitride-electrolyte interfaces. High-quality interfaces with matching atomic structures and electronic structures are crucial for the efficient transfer of charge carriers across the interfaces.
In summary, in the past few years, tantalum (oxy)nitride based photoanodes have experienced a rapid development in terms of both the stability and activity of PEC water oxidation. Continuous efforts in this eld are anticipated to lead to greater success toward practical applications. Moreover, the knowledge and understanding of the mechanism, accumulated by studying this class of photoanodes, will pave a solid path for the development of other types of effective photoanodes. 
